Spermatozoa are a focal point for the impact of sexual selection due to sperm competition and sperm-female interactions in a wide range of sexually reproducing organisms. In-depth molecular investigation of the ramifications of these selective regimes has been limited due to a lack of information concerning the molecular composition of sperm. In this study, we utilize three previously published proteomic data sets in conjunction with our whole mouse sperm proteomic analysis to delineate cellular regions of sperm most impacted by positive selection. Interspecific analysis reveals robust evolutionary acceleration of sperm cell membrane genes (which include genes encoding acrosomal and sperm cell surface proteins) relative to other sperm genes, and evidence for positive selection in approximately 22% of sperm cell membrane components was obtained using maximum likelihood models. The selective forces driving the accelerated evolution of these membrane proteins may occur at a number of locations during sperm development, maturation, and transit through the female reproductive tract where the sperm cell membrane and eventually the acrosome are exposed to the extracellular milieu and available for direct cell-cell interactions.
Introduction
Genes involved in male and female reproduction evolve rapidly, an observation that has now been confirmed by studies across diverse organisms including vertebrate (Wyckoff et al. 2000; Swanson, Yang, et al. 2001 ) and invertebrate taxa (Swanson and Vacquier 2002; Clark and Dell 2006) . Consequently, there is an extensive empirical support for rapid protein evolution in virtually all aspects of the reproductive process including sperm-egg recognition in marine invertebrates (Yang et al. 2000) , accessory gland proteins in Drosophila (Civetta and Singh 1995; Cirera and Aguade 1997; Begun and Lindfors 2005) , and genes expressed in various reproductive tissues in mammals (Dorus et al. 2004; Clark and Swanson 2005; Dean et al. 2008) . Rapid evolution of sperm-egg interactions as a vehicle to generate reproductive isolation has been considered an important mechanism of speciation in marine invertebrate taxa (e.g., Swanson and Vacquier 2002; Geyer and Palumbi 2003) . The evolutionary pressure to maintain species-specific binding of gametes in broadcast spawners may explain, in part, the rapid divergence of proteins involved in sperm-egg recognition at the cell surface (Swanson and Vacquier 2002; Palumbi 2009 ). However, the selective pressures driving rapid evolution in organisms that use internal fertilization with more control over where, when, and how gametes are stored and utilized may differ substantially from those acting on species with external fertilization. Indeed, females factors influencing sperm capacitation, motility, and fertilization have been extensively documented (reviewed in Eisenbach and Giojalas 2006) .
In mammals, transcriptomic and proteomic analyses of the rodent seminal vesicle and epididymis have revealed an enhanced impact of positive selection upon genes encoded by these tissues (Dean et al. 2008 (Dean et al. , 2009 Ramm et al. 2008) . Rapid evolution and positive selection have also been documented for primate seminal vesicle secretions including Semenogelin II (Dorus et al. 2004 ) and a number of other primate seminal vesicle proteins (Clark and Swanson 2005) . Although spermatogenesis occurs in the testis, sperm acquire motility during transit through the epididymis where they are also stored and, upon ejacuation, combined with fluids from the seminal vesicles to produce semen. As such, secreted gene products that modify sperm during maturation or bind sperm in the male ejaculate may be impacted by sexual selection. In contrast, we know much less about the specific role of sexual selection on the evolution of genes encoding integral sperm proteins.
Among the various physiological processes associated with reproduction in animals, sperm competition has long been considered a major factor driving sexual selection. Although the biological basis of sperm competition has been studied over the past 25 years (reviewed in Birkhead et al. 2008) , the role of sperm components per se in sperm competition has rarely been considered and is not well understood. Likewise, previous studies on the rapid evolution of male reproductive genes have focused on the overall expression of genes in the testis or in other male reproductive tissues (epididymis, prostate, or seminal vesicles) without knowledge of the specific set of genes that encode the sperm proteome. This set of genes might be expected to reflect a unique signature associated with sperm evolution and identify candidate components proximal to sperm function and sperm competition, as has been the case with recent analyses of the Drosophila melanogaster sperm proteome (Dorus et al. 2008) .
Although a thorough knowledge of the constituent protein elements of the mammalian sperm proteome has been missing from previous studies, two recent papers describing the mouse and rat sperm proteomes have begun to fill this gap (Baker, Hetherington, Reeves, and Aitken 2008a; Baker, Hetherington, Reeves, Muller et al. 2008b) . Although these pioneering studies provided our first view of mammalian sperm proteomes, they did not address functional genomic and molecular evolutionary aspects of the genes identified. To explore these molecular and evolutionary issues further, we have analyzed the evolutionary history of the mouse sperm proteome using whole-sperm mass spectrometry (MS) supplemented by a previously published whole-sperm MS analysis (Baker, Hetherington, Reeves, and Aitken 2008a) and by characterized proteomes of targeted compartments within the sperm proteome, including 1) the flagellum accessory structure (Cao et al. 2006) and 2) the sperm membrane (including the acrosome) (Stein et al. 2006) . Evolutionary comparisons of these two subcellular proteomes with the MS data sets of whole sperm revealed a significant 2-fold acceleration in evolutionary rate of the sperm cell membrane genes but not the flagellar accessory structure genes as measured against the dN/dS ratios of the whole-sperm proteome. Furthermore, approximately 22% of sperm cell membrane genes were identified as being impacted by positive selection. Genes of the sperm cell membrane compartment displaying evidence for positive selection included several wellcharacterized genes involved in sperm-egg fusion, a variety of genes encoding proteins with functions related to transport, and a diverse set of proteases/peptidases. The enhanced influence of positive selection on sperm membrane, cell surface, and acrosome genes suggests that interactions between the sperm and the surrounding environment in the male during spermatogenesis, migration through the epididymis, and the female reproductive tract may drive the molecular evolution of sperm.
Materials and Methods

Tissue Sample Preparation
Five adult male BALB/c mice were euthanized with CO 2 as per standard laboratory protocols and testes and associated epididymis immediately removed and placed on ice. Care was taken to remove sperm from the proximal (head) region of the epididymis to minimize postspermatogenic modifications that occur during transit through the cauda epididymis. Sperm were aspirated from a small puncture in the head region, diluted approximately 10-fold with cold phosphate-buffered saline (PBS), and pelleted at 20,000 Â g for 2 min. The washed pellet was rinsed 3Â in cold PBS, resuspended in 0.25 ml PBS, and 10 ll mixed with an equal volume of 4#,6-diamidino-2-phenylindole and transferred to a clean microscope slide and coverslip. Sperm purity was assessed by examining nuclei present in the sample using a Zeiss AxioPlanII microscope under epifluorescence or differential interference contrast (data not shown).
High Pressure Liquid Chromatography (HPLC)-MS/MS Analysis
Purified sperm were solubilized in 50 ll of ammonium bicarbonate (100 mM, pH 8.5) and digested with modified trypsin (500 ng/ll Promega) at 37°C for 16 h. Following digestion, the sample was loaded onto an reverse phasehigh pressure liquid chromatography (HPLC) C-18 column (Higgins Analytical, Mountain View, CA) and eluted using a linear gradient of solution A (0.1% trifluoroacetic acid [TFA] in water) and ending with solution B (60% acetonitrile/0.085% TFA in water) over a period of 100 min (repeated independently twice). Eluting peptides were collected in 1-min fractions over the entire duration of the gradient (100 fractions). The 100 fractions were subsequently collected into four sets of 25 fractions by successively combining every fourth fraction (i.e., fractions 1, 5, 9, 13, etc.). Each of the four sets was separately loaded onto a nano-HPLC precolumn, which was washed and connected to an analytical column. Samples were analyzed by a combination of a nano-HPLC/microelectrospray ionization on an LCQ Deca mass spectrometer (ThermoElectron, San Jose, CA) as described previously (Ficarro et al. 2002) . The HPLC gradient (A 5 100 mM acetic acid in water and B 5 70% acetonitrile/100 mM acetic acid in water) was 0-5% B in 10 min, 5-60% B in 160 min, 60-100% B in 10 min, 100-0% B in 2 min, and 0% B in 5 min.
Criteria for Protein Identification
Scaffold v2.02 (Proteome Software, Portland, OR) was used to validate protein identifications derived from MS/MS sequencing results. Peptide identifications were accepted if they could be established at greater than 95% probability as specified by the Peptide Prophet algorithm (Keller et al. 2002) . Peptides identified under these criteria and the proteins from which they originated are provided in supplementary table S1, Supplementary Material online.
Sperm Proteome Database
Inclusion of genes for analysis in this study was based on empirical data of a protein's presence in mouse sperm by MS (an overview of MS studies utilized is provided in table 1). The data set comprises three previously published data sets and our own MS data collected in this study: 1) a data set of 49 proteins of the accessory structures of the flagellum (Cao et al. 2006) , 2) a data set of 114 cell membrane, cell surface, and acrosome proteins that mediate spermegg interactions (Stein et al. 2006 ), 3) a data set of 808 Dorus et al. · doi:10.1093/molbev/msq007 MBE unique proteins identified in whole sperm purified from the caudal region of the epididymis (Baker, Hetherington, Reeves, and Aitken 2008a) , and 4) our whole-sperm MS analysis that resulted in the identification of 205 proteins. The combined unique proteins from all four databases resulted in a total sperm proteome consisting of 1,001 proteins. All sperm proteins identified in these four studies are provided in supplementary table S2, Supplementary Material online.
Functional and Phenotypic Description of Mouse Sperm Genes
Determination of gene functions was based on Gene Ontology annotation databases (http://www.geneontology. org; Ashburner et al. 2000) and a critical review of the primary literature. Classification of genes within functional categories was based on the categories used previously (Dorus et al. 2006 ) with the addition of a category of genes denoted ''transport.'' Knockout and mutant phenotypes related to male reproduction and fertility were obtained by batch query from Mouse Genome Informatics (http://www.informatics.jax.org) and are provided in supplementary table S3, Supplementary Material online.
Evolutionary analyses
Evolutionary analyses were conducted on 754 mouse sperm genes that have annotated orthologs in rat, at least two primates (human and chimpanzee or macaque) and either dog or cow. Gene orthology relationships were based on the SPEED database (http://bioinfobase.umkc.edu/speed; Vallender et al. 2006) . Orthologous nucleotide-coding sequences were downloaded from NCBI and aligned ''in-frame'' using ClustalW. Evolutionary analyses were conducted using maximum likelihood methods implemented by the codeml program in the PAMLv3.14 package (Yang 1997 (Yang , 2007 . Pairwise dN and dS values were estimated using the method of Nei and Gojobori as implemented by the PAMLv3.14 package (Nei and Gojobori 1986) . Pairwise estimates are provided in supplementary table S4, Supplementary Material online. Mouse lineage-specific x values were obtained using the free-ratio model (Yang and Nielsen 2002 
Expressional Profiling of Sperm Genes
Levels of testis overexpression of all sperm genes, relative to a large set of other tissue types, were obtained from the SymAtlas gene expression database (Su et al. 2004 ; http://biogps.gnf.org). The proportion of sperm genes within each of the three data sets with 3-fold and 10-fold overexpression in the testis was calculated. The relative proportions between data sets were nearly identical using either threshold, indicating that genes identified as overexpressed in the testis are highly specific to this tissue type.
Statistical Analysis
Distributions of dN, dS, and dN/dS ratios were compared using the nonparametric Kolmogorov-Smirnov test. Additional statistical analyses between proteomic data sets with regard to their functional composition, the proportion of rapidly evolving genes, or genes putatively under positive selection were conducted using v 2 or two-tailed Fisher's exact test where appropriate.
Results
Mouse Sperm Proteome Data Set Organization
Inclusion of genes for analysis in this study was based on the existence of empirical data of a protein's presence in mouse sperm by MS. The data set analyzed in this study comprises results from three previously published MS studies of mouse sperm and our own MS analysis of sperm purified from the proximal head region of the epididymis (table 1) . The first is a previously published set of sperm flagellum accessory structures that were identified by MS following the isolation and purification of these structures (Cao et al. 2006 ). The second is a set of proteins identified by MS in sperm regions that mediate sperm-egg interactions (Stein et al. 2006 ). This study used subcellular fractionation to generate a proteome of the acrosomal contents and the sperm cell membrane, which included membrane vesicles released from the sperm head following the acrosome reaction in addition to proteins present on the whole-sperm cell surface. Given that Mouse Sperm Proteome Evolution · doi:10.1093/molbev/msq007 MBE many of the membrane proteins were derived from acrosomal membrane vesicles and that many of the acrosomal contents contain transmembrane domains (Stein et al. 2006) , we have analyzed all the proteins identified as a single data set (termed ''sperm cell membrane'' proteins). The third is a set of proteins identified by MS of sperm purified from the caudal region of the epididymis (Baker, Hetherington, Reeves, and Aitken 2008a) . Finally, to complement the data set of Baker et al., the fourth set of proteins is based on MS analysis of whole mouse sperm purified from the proximal head region of the epididymis. This analysis identified 205 proteins, which are analyzed as a single data set (termed ''whole-sperm'' proteins) with that of Baker, Hetherington, Reeves, and Aitken (2008a) . These four complementary data sets include a total of 1,001 unique sperm proteins (supplementary table S2, Supplementary Material online).
Reproductive Phenotypes and Annotated Functions of Mouse Sperm Genes
Fifty-nine of the 1,001 mouse sperm proteins analyzed in this study (supplementary table S2 , Supplementary Material online) have previously characterized male reproductive phenotypes (supplementary table S3 , Supplementary Material online). These phenotypes range from abnormalities in male reproductive physiology, germ/sertoli cell morphology, and meiosis to abnormalities in mature sperm morphology and impaired acrosome reaction/fertilization. It is noteworthy that only two of these genes, Adam2 and Krt19, were observed to have signatures of positive selection (see below). Functional classification of mouse sperm genes revealed that the largest category of genes have catalytic or proteolytic functions (19%) and a substantial proportion of protein encoded by genes involved in energetics (11%) or metabolism (10%) ( fig. 1) . Similarly, a large number of cytoskeletal proteins with structural functions (11%) were identified with a substantial number of these contained within the flagellum accessory structure. Of the 8% of genes in the annotated category, transport, a substantial number are in the cell membrane dataset. A large proportion (18%) of identified proteins have no functional annotation. Functional classification of mouse sperm genes also provides an independent bioinformatic method to assess the quality of previous MS characterization of subcellular sperm structures. For example, the cell membrane data set contains no sperm structural genes, whereas the flagellum accessory structure data set is 1.7-fold enriched in this category. Additionally, the cell membrane data set is highly enriched for genes with catalytic and proteolytic functions (43%), consistent with a role in sperm-egg membrane fusion.
Evolutionary Analysis of Sperm Proteome Genes
Pairwise divergence estimates (dN/dS) between mouse and rat orthologs resulted in an average dN of 0.036 (SD 5 0.046), an average dS of 0.22 (SD 5 0.105), and a dN/dS ratio of 0.16 ( fig. 2 ; supplementary table S4, Supplementary Material online). None of these estimates differ significantly from previously reported genomic estimates between these species (Gibbs et al. 2004) . Analysis based on functional categories revealed the accelerated evolution of sperm genes with unknown functions relative to the remainder of the data set (D 5 0.224; P 5 0.002). Consistent with the analysis of the Drosophila sperm proteome, genes with structural, metabolic, and energetic functions tend to be evolving under stronger purifying selection (Dorus et al. 2006) . In contrast to previous findings in Drosophila, mouse sperm genes with DNA-/RNA-binding functions do not display an evolutionary acceleration relative to other sperm genes.
We next examined the 38 sperm genes representing the top 5% dN/dS ratios (table 2) . On a percentage basis, the FIG. 1. Functional classification of genes encoding mouse sperm proteins. Gene ontology function and process information were used in conjunction with a review of the primary literature to classify sperm genes into eight broad functional categories. Genes whose function did not fall within these functional categories were classified as miscellaneous.
FIG. 2.
Evolution of mouse sperm genes based on functional classification. Comparison of the average evolutionary rates (w 5 dN/dS) for each functional category defined in figure 1 (95% confidence intervals are indicated). A significant evolutionary acceleration is observed for genes without annotated functions relative to the remainder of the sperm gene data set (*P , 0.01). Dorus et al. · doi:10.1093/molbev/msq007 MBE sperm cell membrane genes are overrepresented (15 of 106; 14.2%) compared with either whole-sperm proteome genes (22 of 602, 3.7%) or the flagellum accessory structure data set (1 of 46; 2.1%). This represents a significant deviation from equal representation from each subcellular data set (v 2 5 21.6; df 5 2; P , 0.0001). Among these faster evolving sperm genes, only Izumo1, Crisp1, and Zona pellucida binding protein 2 have known phenotypes associated with male fertility. Only one gene, Acyp1, was found to have a dN/dS ratio greater than 1.0, and this gene has acquired testis-specific expression in the mouse based on previous microarray studies (Su et al. 2004 ).
Accelerated Evolution of Sperm Cell Membrane Genes
Evolutionary analysis based on subcellular compartments revealed no significant differences in the distributions of dS values either for the mouse or combined rodent lineages ( fig. 3a) . However, the average dN value for sperm membrane genes on the mouse lineage (dN 5 0.034; SD 5 0.035) was 2-fold higher than either whole-sperm genes (dN 5 0.016; SD 5 0.033) or accessory structure genes (dN 5 0.016; SD 5 0.019). Statistical comparison of the sperm dN distribution revealed significant differences from either the whole-sperm (D 5 0.327; P ,0.0001) or the and dN (open circles) for flagellum accessory structure, whole-sperm MS, and cell membrane data sets (95% confidence intervals are also indicated). Evolutionary rate estimates for the mouse lineage are presented on the left and estimates from mouse-rat pairwise comparisons on the right. Significantly higher dN values are observed for sperm cell membrane genes relative to other classes of sperm genes (*P , 0.01). (b) Comparison of the average evolutionary rates (dN/dS) for flagellum accessory structure, whole-sperm MS, and cell membrane data sets. Average evolutionary rates using mouse-rat comparisons also include a comparison with the genomic average between orthologs (95% confidence intervals are also indicated). Significantly higher dN/dS values are observed for sperm cell membrane genes relative to other classes of sperm genes (*P , 0.01).
Mouse Sperm Proteome Evolution · doi:10.1093/molbev/msq007 MBE accessory structure distributions (D 5 0.278; P 5 0.011), whereas no significant difference was observed between the whole-sperm and the accessory structure distributions. A nearly identical trend was observed in pairwise comparisons between mouse and rat orthologs ( fig. 3a) . The average dN value for the sperm membrane data set (dN 5 0.064; SD 5 0.057) was more than 2-fold higher than either whole-sperm genes (dN 5 0.032; SD 5 0.048) or accessory structure genes (dN 5 0.032; SD 5 0.027). The distribution of cell membrane dN values is also significantly different from either the whole-sperm (D 5 0.321; P , 0.0001) or the accessory structure distributions (D 5 0.303; P 5 0.004). Comparison of dN/dS ratios among subcellular categories of mouse sperm genes was consistent with the previous analysis. For the mouse lineage and the mouserat ortholog comparison, the average dN/dS ratio of sperm membrane genes was significantly greater than that of either the whole-sperm or the accessory structure data sets whose averages are comparable with previously estimated genome averages (fig. 3b ). The evolutionary characteristics of genes identified from the analysis of sperm purified from proximal head region of the epididymis (this study) or the caudal region of the epididymis (Baker, Hetherington, Reeves, and Aitken 2008a) were comparable and statistically indistinguishable (data not shown). This observation highlights the importance of analyzing a variety of complementary MS data sets in the discovery of evolutionarily interesting sperm proteins.
Enrichment for Positive Selection on Membrane and Acrosome Genes
Maximum likelihood analysis of sperm genes using site models M8 and M8a revealed evidence for the influence of positive selection on 81 genes, of which 23 are sperm membrane genes (out of 106 genes; 21.6%), 54 were whole-sperm genes (out of 602; 9%), and 4 were accessory structure genes (out of 46; 8.6%). The proportion of genes in each category putatively impacted by positive selection is significantly different between the subcellular data sets (v 2 5 15.4; df 5 2; P 5 0.0004). A list of all genes showing evidence for positive selection is included in tables 3 and 4. We note that only 3 of the 81 genes (Izumo1, Adam2, and Krt19) have characterized mutant phenotypes related to Sackton et al. 2007) . Most of these genes show relatively low expression in the testis and more generalized expression elsewhere in the animal, suggesting that positive selection on these genes could be a response to pathogen and/ or other interactions associated host defense mechanisms. Two notable exceptions are CD46, which has acquired testis-specific expression in the mouse and a putative role in acrosome reaction dynamics (Inoue et al. 2003) , and Irgc1, which is also testis specific in expression. It is also noteworthy that ten of the sperm genes under positive selection were identified uniquely in our MS analysis of immature sperm (i.e., sperm isolated prior to maturation in the epididymis). This observation highlights the complementary nature of the whole-sperm MS approaches utilized.
Testis Expressional Specificity of Sperm Genes
There is an inverse correlation between breadth of expression across tissue types and the evolutionary rate of genes (Duret and Mouchiroud 2000) . To determine if testes specificity of expression underlies the evolutionary acceleration of sperm cell membrane genes, we utilized existing microarray data to determine the proportion of mouse sperm proteome genes that exhibit high levels of relative testis overexpression (.3-and .10-fold overexpression relative to median expression in other tissues). This analysis determined that the most conservatively evolving data set, the accessory structure gene data set, had the highest proportion of genes displaying testis overexpression (47.8%).
Additionally, the whole cell-sperm proteome data set displayed the lowest proportion of testis-overexpressed genes (16.6%), whereas the rapidly evolving cell membrane gene data set displayed an intermediate proportion (29.2%). The relative proportion of testis-overexpressed genes in each class remains unchanged using either a 3-or a 10-fold overexpression threshold cutoff (data not shown). Furthermore, analysis of positively selected genes reveals that similar proportions of sperm membrane genes (7 of 23; 30%), wholesperm genes (11 of 54; 20%), and accessory structure genes (1 of 4; 25%) are overexpressed in the testis. Thus, testis specificity of sperm genes does not solely account for the observed evolutionary acceleration of or enhanced signature of selection upon sperm cell membrane genes.
Discussion
Recent advances in transcriptomic and proteomics technologies, coupled with well-annotated genome sequences and bioinformatics, have resulted in larger more comprehensive data sets relating to various male reproductive cell and tissue types (Dorus et al. 2006; Findlay et al. 2008; Karn et al. 2008; Baer et al. 2009 ). Although few studies have focused on the impact of sexual selection on the evolution of mammalian sperm proteins from a global perspective, one targeted study (Torgerson et al. 2002) analyzed 35 genes from the published literature and found evidence of positive selection on a functionally diverse set of sperm genes, including Protamine-1, GAPDS, Adam2 precursor, and Sperm-Adhesion Molecule-1. The relatively small number of genes analyzed and potential bias inherent in a survey of the primary literature may limit the generality of conclusions concerning the forces that determine sperm protein evolution. One primary obstacle in this, and other Mouse Sperm Proteome Evolution · doi:10.1093/molbev/msq007 MBE studies on the molecular analysis of sperm evolution, is the lack of correlation between gene overexpression in the testis and sperm protein composition. For example, in the one sperm proteome that has been analyzed in this respect to date, fully half the sperm proteome genes are expressed at nominal levels in the testis (Dorus et al. 2006 MBE a significant proportion of mutations affecting sperm form or function are specific to spermatogenesis and are not components of mature sperm. Therefore, to conduct a more focused and comprehensive analysis on those genes encoding bona fide sperm components, we have analyzed existing published proteomic data and supplemented them with our analysis of the mouse sperm proteome.
Proteases and Protease Inhibitors: A Major Class of Genes in the Sperm Proteome
Proteases and peptidases are highly abundant in Drosophila sperm (Dorus et al. 2006 ) and may be important in spermegg fusion and fertilization. Likewise, analysis of the mouse sperm proteome identified numerous proteases, in particular, a set of eight Adams (a disintegrin and metalloproteinase). Of the 33 ADAM genes identified in vertebrates, 18 are either overexpressed or exclusively expressed in the male reproductive tract (Evans 2002; Seals and Courtneidge 2003; Han et al. 2009 ). Although Adams 1-3 (a-fertilin, b-fertilin, and cyritestin, respectively) were originally thought to be intimately involved in mediating sperm-egg fusion (Blobel 2000; Evans 2002; Seals and Courtneidge 2003; White 2003) , genetic studies using knockout mice lacking the corresponding functional proteins were fertile, suggesting that the ADAMs are important for binding rather than for sperm-egg fusion (Cho et al. 2000; Rubinstein et al. 2006) . In addition to the well-studied Adams 1-3, we identified Adams 4, 5, 6, 6B, and 24. Adams 4, 6, and 24 are all processed during sperm maturation and localized to the mature spermatozoa (Han et al. 2009 ). Cell biological and biochemical studies demonstrated formation of an ADAM2/3/ 6 complex in testicular cells (Han et al. 2009 ), suggesting an intricate network of ADAM interactions during sperm formation and maturation. Finally, widespread evidence for positive selection was found for the ADAM genes (table 3), suggesting that elements of the ADAM network in sperm are undergoing adaptive evolution, a finding that is consistent with previous studies (Glassey and Civetta 2004) . Another class of proteins involved in proteolytic pathways, the serine peptidase inhibitors (serpins), were also found to be prevalent in sperm. This finding is consistent with the observed enrichment of a variety of protease inhibitors in various mouse reproductive tissues (Dean et al. 2009 ). Serpins are prevalent in seminal fluids and accessory gland secretions in both mammals (Espana et al. 1991), invertebrates (Borner and Ragg 2008) , and mature spermatozoa (Stein et al. 2006; Baker, Hetherington, Reeves, and Aitken 2008a) . Our present study included ten members of the serpin superfamily: seven members of the serpin A clade group, serpina5, serpinb6a, and one member of the serpin Kazal type 5 group (Spink5). The large number of serpins identified in highly purified samples of sperm has important functional implications as the majority of serpins contain an N-terminal secretory signal and therefore follow a secretory pathway to the extracellular environment. As such, they are not usually considered to be integral sperm components, and their action on and around sperm are believed to mostly involve inhibitory actions on acrosin postacrosomal activation of sperm (Moore et al. 1993; Hermans et al. 1995) . Our results call into question this assumption and it will be interesting to determine the subcellular distributions of these proteins.
Compartmentalization and Adaptive Evolution in the Sperm Proteome
Consistent with previous studies of genes involved in male reproduction (Torgerson et al. 2002; Civetta 2003; Inoue et al. 2005; Gasper and Swanson 2006) , our analysis also identified a set of rapidly evolving sperm genes including genes putatively involved in sperm-egg adhesion and binding. Our maximum likelihood analysis provided evidence for positive selection on approximately 11% of the combined sperm proteome gene set (81 of 754). Interestingly, the 81 genes identified included a preponderance of genes encoding cell membrane proteins. Contrary to our expectation, sperm cell membrane genes showed an intermediate proportion of genes that are highly overexpressed in the testis with the highest proportion of testis-overexpressed genes found in flagellum accessory structure genes (the most conservatively evolving data set analyzed in this study). The observation that accessory structure genes are often overexpressed in the testis and highly conserved is unexpected and contrary to the general observation that testis-specific genes evolve rapidly. So, although testis expression specificity may underlie the evolutionary acceleration of some sperm genes, it is unlikely to completely explain the significant acceleration of sperm cell membrane genes. Thus, the subcellular compositional data (Cao et al. 2006; Stein et al. 2006 ) have proven key in identifying a localized enhancement of positive selection on cell membrane molecules.
Previous analyses in Drosophila led to the hypothesis that differential selection across reproductive tissue/cell types resulted in the compartmentalization of adaptation in response to sexual selection, whereby proteins that interact with the environment (including the male and female reproductive tract, female-contributed proteins, and other sperm) would be expected to evolve most rapidly (Dorus et al. 2006 ). Our present findings provide further support for this hypothesis and demonstrate that such compartmentalized adaptation exists at the subcellular level within sperm. Recent analyses of several mouse reproductive tissues also found evidence of highly delineated accelerated evolution among proteins specific to the seminal vesicle (Dean et al. 2009 ). Interestingly, the average evolutionary rate of seminal vesical proteins is very comparable with that of sperm cell membrane proteins. As such, sperm interactions with other male ejaculate proteins may be a predominant molecular focal point for the impact of sexual selection (see below).
The enhancement of positive selection among proteins localized to the sperm cell membrane and acrosome, which are likely to interact with the intrauterine environment and ultimately the egg surface, focuses attention on several Mouse Sperm Proteome Evolution · doi:10.1093/molbev/msq007 MBE types of molecular interactions as primary mediators of sexual selection. An essential interaction, which has been studied in great detail (reviewed in Karr et al. 2008) , is the process by which sperm adhere and fuse with the oocyte during fertilization. This process has been demonstrated to involve molecular recognition between ligand and receptor molecules present on the sperm and zona pellucida of the egg and that these molecules tend to evolve rapidly possibly due to coevolutionary forces as has been described in detail in invertebrate taxa (Yang et al. 2000; Galindo et al. 2003) . Our analysis is generally consistent with the findings from previous studies in that we identify the signature of positive selection on a variety of genes known to be involved in sperm-egg interactions including Zonadhesin, Zona pellucida 3 receptor, Izumo1, and the Adam gene family (table 3) (Swanson and Vacquier 2002; Civetta 2003; Swanson et al. 2003; Inoue et al. 2005; Gasper and Swanson 2006) .
Our analyses also identified a variety of immunity-related genes in sperm that have been impacted by positive selection. Many of these, including C3, Hc, Ighg1, Itgb2, Trf, and Mug, are expressed at relatively low levels in the testis in comparison with their expression in nonreproductive tissues. It is therefore possible that selection upon these genes is specifically associated with immunity response mechanisms as has been previously demonstrated and not related to sperm interactions (Schlenke and Begun 2003; Sackton et al. 2007 ). However, several immunity-related sperm genes are either expressed specifically in the testis (CD46 and Irgc1) or overexpressed in the testis (CD109) and are likely to be under selection due to their role in reproduction. Interestingly, CD46 functions as a generalized complement receptor that protects cells by inhibiting the autologous complement system in most mammals but has evolved a specialized function in mouse sperm. CD46 localizes to the inner acrosomal membrane and CD46 knockouts exhibit accelerated acrosome reactions and improved fertilization ability (Inoue et al. 2003) . A knockout phenotype resulting in improved fertilization ability is somewhat surprising and suggests that the adaptive evolution of this specialized immune gene may be functionally related to optimizing acrosomal reaction dynamics. Although reproductive functions have yet to be elucidated for other immunity-related sperm genes in the mouse, it is known that several complement regulatory proteins are present in the cell membrane of human spermatozoa and may protect sperm from complementmediated lysis in the female reproductive tract (Harris et al. 2006) . It is therefore plausible that positive selection on mouse sperm immunity genes (especially complement proteins in the cell membrane, such as CD109 and C3) may be associated with avoiding detection by immune response mechanisms in the female reproductive tract.
An alternative class of molecular interactions related to the rapid evolution of sperm membrane proteins may involve interactions with other sperm and male-contributed proteins. Although the basic construction of mammalian sperm occurs during spermatogenesis in the testis, sperm must complete maturation during transit through the epididymis to become fertilization competent. During this time, extensive interactions between the sperm and the epididymis occur and epididymis-derived proteins are added or removed and modifications are made to the sperm. Thus, mature spermatozoa are chimeric in nature, consisting of a complex amalgam of both testis and epididymal proteins as a result of developmental processes in both tissues. Recently, a large set of epididymis-expressed genes encoding putative secretory proteins (approximately 1,300), which could potentially interact directly with maturing sperm in the lumen, was described (Dean et al. 2008 ). Many epididymis-secreted genes were also found to have undergone recurrent positive selection and functionally involved in protein modification. As such, sperm interactions and modifications during transfer through the epididymis may result in selection upon sperm cell membrane genes that ultimately impacts sperm interactions within the female. Similarly, sperm-female interactions may generate selective forces that drive the evolution of sperm cell membrane proteins in a manner that indirectly impacts epididymal gene function and evolution. One excellent candidate for such a scenario is the sperm membrane protein B-1,4-galactosyltransferase that must undergo posttranslational modification to bind ZP3 in the zona pellucida (Macek and Shur 1988; Miller et al. 1992; Nixon et al. 2001) . Similar scenarios could be envisioned regarding sperm interaction with seminal vesicle proteins (Dorus et al. 2004; Clark and Swanson 2005) , which are known to evolve rapidly in mammals and also play a critical role in the timing and extent of sperm activity and reactivity during transit through the female reproductive tract and ultimately in the fertilization process. It is therefore of great interest to understand the molecular mechanisms of sperm maturation during transfer through the epididymis and how it may relate to the evolution of sperm membrane and acrosome genes.
Sexual selection has long been recognized as a fundamental force in evolutionary biology, and more recent theoretical and empirical research has highlighted the central importance of sperm competition as a driving force in the evolution of reproductive traits (Parker 1982) . To assess the generality of the findings in this study concerning sperm cell membrane proteins, it will be necessary to analyze the subcellular impact of selection on sperm in other taxa. This would certainly be of value in Drosophila where the storage and release of sperm from sperm storage organs results in the interaction of far fewer sperm at any given egg than in the mouse. Furthermore, it will be of great interest to determine if clear distinctions in the subcellular impact of selection can be observed among closely related monogamous (low sperm competition) and promiscuous (high sperm competition) species. Rodents, and more specifically the Mus genus, may prove valuable study organisms in such research as the mating systems they employ and levels are sperm competition are well documented and highly variable (Dean et al. 2006; Gomendio et al. 2006 ). Dorus et al. · doi:10.1093/molbev/msq007 
